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ABSTRACT OF THESIS

MAGNETIC SHIELDING STUDIES
FOR THE NEUTRON ELECTRIC DIPOLE MOMENT EXPERIMENT
AT THE SPALLATION NEUTRON SOURCE
The neutron Electric Dipole Moment Experiment at the Spallation Neutron
Source requires an overall magnetic shielding factor of order 105 to attenuate external
background magnetic fields. At present, the shielding design includes an external
(room-temperature) multi-layer μ-metal magnetic shield, a cryogenic (4 Kelvin) Pb
superconducting shield, and a cryogenic (4 Kelvin) ferromagnetic shield composed of
Metglas ribbon. This research determined how to construct a Metglas shield using
minimal material that produced axial and transverse shielding factors of ~267 and
~1500. In addition, the μ-metal and Metglas shields were modeled using finite element
analysis. The FEA model includes external coils and their effect on the residual magnetic
fields. This study will help with the design of the shielding.
KEYWORDS: Finite Element Analysis, Magnetic Shielding, Metglas, μ Metal, Shielding
Factor
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Chapter 1: Background Physics
Introduction
The goal of an experiment is to discover something new or to confirm what has been
predicted. The Standard Model of particle physics predicted six flavors of quarks and
six leptons. The search for these hadrons continued until the last quark, the top, was
finally found in 1995 and the last lepton, the tau neutrino, was found in 2000 [1]. These
searches were tests of the Standard Model. The Standard Model predicts a neutron
electric dipole moment (nEDM) of │dn│ <10-32e-cm. At present, the limit placed on the
nEDM is │dn│< 2.9 x10-26e-cm [2]. The search for a nEDM provides another test of the
Standard Model. A proposed nEDM experiment at the Spallation Neutron Source at Oak
Ridge National Lab plans to lower this current limit by two orders of magnitude. This
will either confirm the Standard Model to a new limit or point to new physics beyond it.
Charge Conjugation, Parity and Time Reversal [3]
Charge conjugation (C) is when a particle is exchanged with its anti-particle. For
example, a neutron (udd) becomes an anti-neutron ( ̅ ̅ ). Parity (P) can be thought of
as reflection through the origin, or +x → -x, +y → -y, and +z → -z. It affects vector
quantities like position and electric field. A magnetic field is the cross product of two
vectors, ∇ and . Under parity, each have their sign changed but the final result would
not change sign. So a magnetic field is a axial-vector because it doesn’t change under
parity. Spin is another axial-vector. Time reversal (T) is when time is replaced with
“negative” time, like running a movie backwards. To us, time has only one direction, but
in an equation, one can exchange –t for t. The CPT Theorem states that all physical
phenomena conserve CPT symmetry. In other words, for any reaction, if you changed
all particles to their anti-particle, reflected their positions and reversed time, your
results should be the same as what you would find if you didn’t change C, P and T. So
far, no experiment has shown CPT to fail. However, CP is violated in weak reactions.
This implies T is also violated so CPT is not. A non-zero value for nEDM would clearly
demonstrate T violation. This is shown in Figure 1 below. The initial state has both the
EDM and spin vectors aligned. After C, P and T operations, the final states have the
EDM and spin vectors anti-aligned. Since T changes the spin direction and P changes the
dipole direction, both P and T are violated if an EDM exists.
nEDM
Conceptually, an electric dipole moment occurs when two opposite charges are
separated by a small distance. To visualize how small the current limit is, if a neutron
(with its diameter of order 10-13 cm) were blown up to the size of the Earth (d ~ 1.274 x
107 m), the current limit would correspond to a separation of a positive charge, +e, and
a negative charge, –e, by a distance of less than 185 mm. This is about the size of a
human hair!

Parity

Time
Initial State
Reversal
Final States

Figure 1: P and T transformations on a spin ½ particle.
Larmor Precession
A neutron EDM can be probed by measuring the change in the Larmor precession
frequency. The neutron is a spin ½ particle. A measurement of the spin, , will be
either ↑ (spin up) or ↓ (spin down). The neutron also has a magnetic moment, , which
couples to the spin by
=

,

(1)

where γ is the gyromagnetic ratio. When a neutron enters a region with a uniform
, it will undergo Larmor precession only if and are not parallel.
magnetic field,
The Larmor frequency due to the precession is
| |=

,

(2)

where ν is the frequency [4]. In the experiment, the neutrons will be polarized so they
theoretically all have their spin aligned. When these spin-polarized neutrons are placed
in an external electric and magnetic field, they will undergo Larmor precession. If an
EDM exists, it will couple to the electric field, . Then the reversal of the electric field
will induce a small change in the frequency. The equations for Larmor frequency with
and parallel and anti-parallel are
ℎ

↑↑

= −2

−2

ℎ

2

↑↓

= −2

+2

,

(3)

where h is Planck’s constant and d is the EDM. This change in frequency due to the
change in E and B alignment is
∆ =

↑↑

−

↑↓

,

(4)

Then, the EDM is
= −(ℎ ∆ )/(4 ),

(5)

For the nEDM experiment, if d were ~ 10-28 e-cm and E = 50kV/cm, the result would be a
change in frequency of ~ 5 x 10-9 Hz. If there is no EDM, a change in magnetic field of
~ 2 x 10-12 G will produce a similar frequency change [5]. Thus, to be able to measure
the nEDM, the magnetic field must be well known, small and very uniform.
Ultra Cold Neutrons and 3He Co-magnetometer
Ultra cold neutrons (UCN) are neutrons that have been “cooled” down to 2mK. This
allows them to be stored in a container. For the nEDM experiment, the container, or
measurement cells, will have superfluid 4He at about 1K, UCN and polarized 3He. With
both UCN and 3He in the measurement cells, the 3He will be subject to the same
as
3
the UCN in real time. The EDM of He is much smaller than that of a neutron, thus it is
effectively zero for the experiment. So the reversal of should have no effect on for
3
He unless is changing. This makes it a “co-magnetometer” and any effects due to a
changing magnetic field can be measured. The magnetic field in the measurement cell
needs to be small. Even the Earth’s field of ~ 0.5 G is too large. Effective magnetic
shielding is needed. An overall transverse shielding factor of ~ 105 is required [6].
Magnetic Shielding
A magnetic shield is constructed of a high permeability material with the intention that
the interior will have a significantly smaller magnetic field than the exterior. To
illustrate this, consider the simple shield geometry of a spherical shell of some material
with permeability μ in an external field
, and inner (outer) radius a (b). This is shown
below in Figure 2 [7]. There are no currents so
= − Φ ,

(6)

where is the magnetic field and Φ is a magnetic scalar potential. The general
solution of Φ is
Φ = −

cos

+ ∑

(

+

),

(7)

where Pl is a Legendre polynomial of order l , r is the distance from the center of the
sphere, and α and β are constants to be determined. With
=

,

3

(8)

it follows that
∙

= 0.

(9)

b
a

Figure 2: Shielding effect of a shell of highly permeable material.

, a and b are shown.

To find and one needs to apply the boundary conditions, that
and are
continuous on the surfaces = and = . This results in four equations with four
unknowns. From them, one finds only l = 1 is possible.
Inside the shell, r < a, Φ has the form
Φ =

,

(10)

where δ is a constant. Working through the four equations, one finds

δ = −

.

= −
For a high permeability,
≈ −

+

= −

(11)

.

(12)

≫ 1, δ simplifies to
=

and

.

(13)

decreases and the shell is an effective magnetic shield. For
For large μ, one can see
the case where a → b, one needs to use equation 11 and not the simplification that
produces equation 13 to solve correctly.
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Shielding Materials
Some commonly used materials with a high permeability are mu-metal, permalloy, and
Metglas. Permalloy is made of ~20% Fe and ~80% Ni that has been heat-treated or
annealed. The heat treatment increases the permeability, but permalloy is sensitive to
strain and must be handled with care. A permeability of μ ~ 87,000 has been reported
[8]. The material now comes as a foil, wire rod, or a sheet in different sizes.
Mu-metal is ~ 15% Fe, ~ 80% Ni with the final 5% Mo and Cu. It is also annealed to
increase permeability and eliminate impurities. This can result in a permeability of μ
~ 80,000 – 100,000 [9]. Mu-metal comes in sheets or foils, but a specific design can also
be fabricated, and then annealed. The material is also sensitive to strain [10].
Metglas is a Co based (75-85%) magnetic material with μ ~290,000 as cast [11]. It comes
only as a ribbon 2.0” (5.08 cm) wide and 0.00085” (21.6 μm) thick which can be cut to
size and/or wrapped around a form without loss of permeability. The choice of material
depends on the application.

5

Chapter 2: Shielding Magnetic Fields
nEDM Experiment Shielding Research
The proposed shielding for the nEDM experiment includes 4 outer mu metal shields.
Figure 3 is a schematic for the experiment [5].

4 layers of
mu metal

Removable End Cap

Figure 3: Schematic overview of full detector apparatus for the nEDM experiment.
The mu-metal layers shield the inside from an external field. The magnetic core which
field for the Larmor precession frequency measurement is surrounded
generates the
by a magnetic shield at a temperature of 4K. Metglas is to be used for this shielding
because it retains high permeability at cryogenic temperatures.
Magnetic Shielding Experiments with Metglas
Previous work to construct large, open-ended, cylindrical magnetic shields has involved
a complicated design using multiple nested shields, including a Permalloy layer, several
Metglas shields, and multiple shaking coils. The Metglas shields had from 8 to 48 layers
of Metglas ribbon attached to a non-magnetic cylinder in various ways [12, 13, 14, 15].
To simplify those previous designs, both cost of materials and ease of construction were
considered. Two single shields of multiple layers of Metglas ribbon on a cylindrical
cardboard form were built. The cylindrical form has a 24” (61cm) inner diameter (i.d.)
and is ~ 6’ (183cm) in length, so these shields were not used together, but separately.
Since a solid shield gives the best results, each layer should strive for complete coverage
of the cylinder. With the Metglas ribbon coming in a maximum width of 2”, there are
only a few ways to cover the form simply. Strips can be laid along the axis of the
cylinder, across the axis of the cylinder or at some angle in between. All three of these
options were evaluated.
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Circular Winding
Circular winding has the strips laid perpendicular to the axis of the cylindrical form (or
90°). The strips are cut slightly longer than the circumference of the cylinder, giving
about a 1” overlap. With the cylinder axis vertical, the first strip is placed horizontally,
~ 1- 2” from the top end of the cylinder. It is taped at one end, using Kapton tape,
wound tightly around the cylinder and the free end is taped down, overlapping itself as
precisely as possible. Kapton tape is used because it holds well at cryogenic
temperatures, which is what will be present in the nEDM experiment. The next strip is
placed as close as possible below the first strip. The idea is to leave no gaps so each
layer is as close to continuous as can be achieved. When subsequent strips are
attached, the ends are started in about the same place. When another layer is added, it
is placed in direct contact with the previous layer, but the ends are started 180° from
where they were started on the previous layer, i.e., the opposite side of the cylinder.
The second layer is started with a vertical offset of 1”, or half the width of the Metglas,
from the first layer. In this way, all gaps between strips in the new layer do not match
the location of any gaps in the layer directly underneath. This allows the new layer to
completely cover any gaps of the previous layer. Figure 4a is a photograph of circular
winding on a cylinder and Figure 4b is a sketch showing the relative positions of layers 1
and 2 along with the orientation of the axes. This sketch and the next two were
published in [16]. The final step is to add a 20 turn degaussing coil, wound toroidally, or
along the cylinder axis. A degaussing coil is used to take a material from a saturated
state to one where
is, in principle, 0. The coil is connected to an AC power supply so
the current can be steadily increased, held, and then steadily decreased. The effect is to
cycle the B - H hysteresis, with decreasing amplitude. Degaussing has been known to
improve the shielding performance.

Helical Winding
Helical winding is different from circular winding in that it is one continuous strip
instead of many cut strips. It is angled so that one turn around the cylinder results in
the strip dropping about 1” from the previous turn. This means there are no gaps
between each turn since they overlap by about half. Approximately 50% more material
is used per layer when compared to a circular winding. To keep the ribbon tight, every
turn is taped in place with Kapton tape. When another layer is applied, it is started in
almost the same place, but it is wound in the opposite direction. In other words, if the
first layer spirals to the right, then the second layer spirals to the left, and a third layer
would match the first, and so forth. The last step is to add a 20 turn toroidal degaussing
coil. Figure 5a is a photograph of a cylinder with two layers of helical windings. Figure
5b is a sketch of the windings for two layers and shows the axis orientation (> 90°).
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Cylinder Axis
Winding Axis

Figure 4a: Circular winding on a form ready for shrink wrap and degaussing coil.
Figure 4b: Sketch of circular winding with positioning of second layer (green) relative to
first (red) and angle of axes shown.

Cylinder Axis
First layer slanting
to the left

Second layer slanting
to the right

Winding Axis

Full width

Half width

Figure 5a: A two layer helical winding. Overlap of each turn and inclination of strips is
easily seen. Figure 5b: Sketch of helical winding with first layer (red), second layer
(green) and axes shown. Inclination of strip is exaggerated.
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Axial Winding
Axial winding uses cut strips that are laid along the axis of the cylinder. The strips are
again placed next to each other, as close as possible without overlapping, and taped in
place. The final strip for the layer is positioned such that it is centered over the
remaining space and not cut to fit this gap, keeping each strip the same width. This
results in about a 1” overlap for the layer where the thickness is twice that of the rest of
the layer. This is comparable to the end overlapping of each strip in the circular
winding. The start of the second layer is shifted down by 1”, or half the strip width,
from the previous layer. Each new strip is now centered over the seam between two
underlying strips covering any gaps in the previous layer, just like in the circular winding.
Once again, the third layer would be similar to the first, and so on. When all the axial
layers have been taped on, the shield is covered with heat shrink-wrap that is shrunk in
place so the Metglas is held tight to the cylinder. Just pulling and taping does not hold
the strips tight enough to keep gaps to a minimum. Shrink-wrap was later implemented
for every winding. Lastly, the degaussing coil is added. With the strips along the
cylinder axis, the degaussing coil is orientated perpendicular to them. The final result is
the degaussing coil is transverse to the shield axis. It consists of 3 sets of 20 turns, each
placed 1/4 of the way along the cylinder, for a total of 60 turns wound continuously.
Figure 6a is a photograph of a cylinder with axial windings, shrink wrap and part of the
degaussing coils. Figure 6b is a sketch showing the strip placement for two layers and
axis orientation (0°).
Cylinder Axis and Winding Axis

Figure 6a: Axial strips on form with shrink wrap and one of three degaussing coils
shown. Figure 6b: Sketch of axial winding with positioning of second layer (green)
relative to first (red) and axes shown.
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Measurement of

Fields

The magnetic field is measured using a low-noise triple-axis fluxgate magnetometer, or
probe, that allows for all 3 components of the magnetic field to be measured. The
manufacturer’s stated sensitivity of the probe is ± 5 μG [17]. The probe is attached to a
three-axis stepper motor assembly, or mapper, (via an arm made of non-magnetic G-10)
so that it can be positioned at any given point. The movement of the mapper, the
magnetic field measurement taking and the degaussing of the shield is all computer
controlled using Lab-View based programs. The measurement procedure begins with
the probe moving to a location, then recorded, probe moves again, recorded again,
and so on through all designated locations. Figure 7 shows the mapper and probe arm.
Several scans of the background field in the lab were taken to map the field profile
where the shield measurements were to be made. The shield measurements were
taken over the course of 24 months, with the background remapped with each new
series of scans. It was found that the background field did not change significantly over
this time frame. After the background was measured, the next scan was of the
cardboard form only, without any Metglas added, to make sure it didn’t contain any
magnetic material that could skew the results. Once this was verified, the form was
ready for Metglas application.

X axis
travel

Probe arm

Y axis
travel

Z axis travel

Figure 7: Mapper with all three axes travel distance (red) and probe arm (blue) shown.
The geometric center of a shield was found by centering the probe to the near end of
the shield, next centering the probe to the far end of the shield, then finding the center
along the cylinder’s axis and finally rechecking the near end center. This allowed the
center of the shield to be defined as the origin for the mapper. Thus, the mapper could
place the probe in the same relative position for every scan allowing for comparisons
between different windings, number of layers and shields. Once a shield was
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constructed and centered, it was ready for scanning. At this time, other shields were
placed a safe distance away so as not to affect the readings. Figure 8 is a photograph of
a completed shield with circular windings ready to be mapped.

Figure 8: Shield with two layers of circular windings on bench before scan. Part of
mapper (red arrows), arm of probe (blue arrow) and degaussing coil (black arrow) are
indicated. Note ~1” offset of second layer (green arrow).
Figure 9 is a photograph of a completed shield with helical windings ready to be
mapped. The width of each turn is about half of that for a circular winding.

Figure 9: Shield with helical winding on bench before scan. A single 20-turn degaussing
coil is present. Probe (red arrow) can be seen.
11

Results of Circular, Helical and Axial Windings
Results from measurements of the residual shielded fields along the shield axis are
shown for each winding. These results were published in [16]. One plot is of the axial
fields and one is of the transverse fields. The background field, BAxial = 0.16 G and
BTransverse = 0.45 G, is represented by the dotted line in each plot, while the different
colors represent a different number of total layers. The first set of plots, Figure 10, is for
circular winding with residual axial fields on the left and residual transverse fields on the
right.
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Figure 10: Plots of residual axial and transverse fields for circular windings.
The left plot shows almost no decrease in the axial field from the background field even
with four circular layers. The right plot shows a decrease of almost two orders of
magnitude in the transverse field for three and four circular layers.
The second set of plots, Figure 11 is for helical windings.
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Figure 11: Plots of residual axial and transverse fields for helical windings.
The left plot shows a small decrease in the axial field from the background field. The
right plot shows a decrease of over two orders of magnitude for three or more layers.
These results are slightly better than the circular winding results. This is perhaps
expected since each helical layer uses more Metglas than a circular layer.
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Figure 12 is a set of plots for axial windings.
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Figure 12: Plots of residual axial and transverse fields for axial windings.
The left plot shows a decrease of one order of magnitude in the axial field for two and
three axial layers. The right plot shows almost no change in the transverse field from
the background field. These results are noticeably different from the results for circular
and helical windings.
In summary, the circular windings reduced the fields only in the transverse direction
while the axial windings reduced the fields only in the axial direction. The helical
windings reduced the fields in the transverse direction and, to a small extent, in the axial
direction. These results strongly suggest that the winding must be orientated in the
direction for which the field attenuation is desired.
These results suggest combined windings will attenuate both axial and transverse fields.
To test this, axial strips were added to both circular and helical windings. The new
shields required both sets of degaussing coils (toroidal and transverse). The coils are
wound in series with the three transverse ones wound sequentially “down” the cylinder,
then the toroidal one wound over top. Axial strips were put on top of circular or helical
windings since this was the easiest to construct. Figure 13 is a photograph of a shield
with both circular and axial windings showing the crossing degaussing coils.
The results for these new winding combinations are shown in the following plots. Again,
there are two plots per winding combination and the background is shown as a dotted
line. Figure 14 contains the plots for three layers of circular winding with axial strips
added.
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Figure 13: Shield with one layer axial strips over three layers circular strips. Note
degaussing coil (red arrows) in two directions.
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Figure 14: Plots of residual axial and transverse fields for circular plus axial windings.
The left plot shows a decrease in the residual axial field by 1-2 orders of magnitude. The
right plot shows a small decrease in the residual transverse field. The axial strips helped
to lower the axial fields when compared to circular windings alone. They did not
improve the transverse fields appreciably.
Figure 15 contains the plots for two layers of helical winding with axial strips added.
Two layers of helical winding is approximately the same amount of material as three
layers of circular winding.
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Figure 15: Plots of residual axial and transverse fields for helical plus axial windings.
The left plot shows a decrease in the axial field by 1-2 orders of magnitude. The right
plot also shows a decrease in the transverse field by one order of magnitude. The
addition of axial strips to both circular and helical windings improved the axial shielding
by ~ 2 orders of magnitude and also improved the transverse shielding by a factor of ~7.
Thus to effectively shield a randomly oriented external magnetic field, the Metglas strips
need to be in both the axial and transverse directions.
One other combination of windings test was done where circular and axial strips were
alternated. These shields were more difficult to construct since the subsequent circular
layers had to be taped to the underlying axial layer and this tended to pull them slightly
out of a true axial alignment. To alleviate this, more Kapton tape was used to keep the
strips properly aligned. Figure 16 contains plots of the results of this comparison.
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Figure 16: Plots comparing residual axial and transverse fields for alternating and nonalternating circular plus axial windings.
The left plot shows that there is a small difference in the axial field while the right plot
shows no significant change in the transverse field. The alternating winding has a
somewhat lower residual field but is more time consuming and difficult to construct.
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Shielding Factor
When comparing Figures 14 and 15, the helical plus axial windings have lower residual
transverse fields than the circular plus axial windings while the residual axial fields are
similar. The fields for two helical plus three axial winding at the center of the shield (z =
0) are ~ 600 μG for axial and ~ 200 - 400 μG for transverse. This is for ~ 6 total layers of
Metglas since each helical winding is ~ 1.5 layers. The shielding factor can be found by
comparing the background axial (transverse) field to the shielded axial (transverse) field.
=

( )

,

(14)

where S is the shielding factor,
is the external axial (transverse) field and (0) is
the residual axial (transverse) field at the position z = 0. The measured shielding factors
for the above data are 267 (axial) and 1500 (transverse).
The theoretical shielding factor for a cylindrical shield has been derived for both axial
and transverse cases [18, 19].
√

≈
=

,

(15)

,

(16)

where is the axial shielding factor (ASF), is the transverse shielding factor (TSF), μ
is the relative permeability of the material used, t is the thickness of the material, R is
the radius of the shield and L is the length of the material. Using these equations and
the experimental results, μ can be calculated for the two helical plus three axial shield.
=

=

√

.

The relative permeability is 5.0 x 106 using and 7.5 x 106 using
better than the manufacturer’s stated value of 2.9 x 105 [11].

(17)
, or ~ 6 x 106. This is

In comparison, Reference 13 has a multi-shell shield (i.d. 92cm, length 220cm) using 35
total layers of Metglas and five layers of Permalloy tape. They report a TSF of 100
without magnetic shaking. Reference 14 reports that for a single shell (i.d. 82.2cm,
length 243cm) using 26 axial layers of Metglas a TSF of 140 and an ASF of 15 without
shaking. For their multi-shell shield consisting of a Permalloy shell and 104 total layers
of Metglas (i.d. 72cm, length 275cm), they report a TSF of 5000 and an ASF of 180
without shaking. Our results are similar and used significantly less material.
To summarize, Metglas ribbon is a widely used material to build magnetic shields.
With careful construction techniques, both the residual axial and transverse fields can
be significantly reduced with minimal material.
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Chapter 3: Finding

Numerically

Finite Element Analysis
In theory, one can find the electric and magnetic fields due to any object given the
relevant boundary conditions. In practice, many integrals, especially for irregularly
shaped objects, cannot be solved analytically and must be done numerically. One
numerical method is finite element analysis (FEA). In 3-D FEA, the object is enclosed in a
simply shaped volume, like a cube, sphere or cylinder. This is then divided into different
sized tetrahedra. Focusing on a single tetrahedron, it will only affect its neighbors, i.e.
other tetrahedra that have a surface in common with it. The fields must be continuous
across these surfaces. The sides of the tetrahedra are created small enough so the field
doesn’t change on the surface they enclose. Each field integral can then be replaced
with a system of discretized equations that yield an approximate solution. The error of
the approximation can be made very small so the solution is reasonable. When the
fields are found for a tetrahedron, then the fields can be found for its neighbors until
the total volume is solved.
Tosca [20] is a computer program that does FEA to find static magnetic or electric fields
for a model. One can build a detailed model in the Opera Modeller that can include
specific material properties, conductors, and an external magnetic or electric field.
Limits on the size of the tetrahedra and solution errors can also be specified. A simply
shaped volume that encloses the model is then used as the outer boundaries. The
program automatically divides the entire model plus the bounding volume into
tetrahedra. Tosca finds the field at every vertex of each tetrahedron and displays the
results on the model surfaces. One can view the field at any location within the
bounding volume. Using these programs, a detailed model can be constructed, then the
resulting fields analyzed and the model adjusted without building a physical model. On
the other hand, if a physical model has already been constructed, then one can compare
the experimental results between it and a computer model to test the physical model.
Both of these uses of Tosca have been investigated.
Prototype Modeling
A simplified ~ 1/10th scale model prototype for the lower part (labeled lower cryostat in
Figure 3) of the outermost mu-metal shield was manufactured. It is made of mu metal
that is 1/16” thick, has a 12” diameter and is 3’ long. The original design employed a
removable, cone-shaped end cap at one end and a hole for the neutron beam at the
other end (also cone-shaped). The residual magnetic field along a center line inside the
prototype shield was mapped using the probe and mapper. For comparison, this design
was then modeled using Opera Modeller and analyzed with Tosca. Figure 17 is a
photograph of the experimental set up without the removable end cap. There are four
20-turn transverse degaussing coils wound in series. The hole for the neutron beam
cannot be seen.
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Degaussing coils
Probe arm
Beam
End
w/o End Cap

Al ring for
storage support

Figure 17: Mu metal prototype on bench after scan with arrows labeling important
features.

Figure 18 is the corresponding Opera model. The degaussing coils are not needed in the
computer model. The hole for beam can just be seen.

Beam End

w/o End Cap

Figure 18: Prototype without end cap modeled in Opera. Both ends are labeled.

Figure 19 a and b show the prototype and the corresponding Opera model respectively,
with the end cap on.
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Figure 19a: Prototype on bench showing removable end cap.
Figure 19b: Opera model with end cap.
Figure 20 shows plots of the residual axial and transverse magnetic field for both the
prototype and Tosca solution along the central axis of each (x = y = 0).
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Figure 20: Plots of residual axial and transverse fields for prototype and Tosca without
end cap.
In general, the shapes of the measured and calculated residual field profiles are similar;
however, the measured residual fields were actually smaller than those predicted by the
calculation. Therefore, the agreement between the models is seen to be rather
reasonable.
Five Layer Design Modeling
A more complete rendering of the shielding for the nEDM detector apparatus was
modeled in Opera as five separate models. The first model consists of four coils (one
turn each) and the outermost mu metal shield with the rest having the next innermost
shield added until all five were included. Adding each shield successively allows the
effectiveness of each addition to be examined individually. The external coils are used
to decrease the residual magnetic field. The inner pair of coils is used to lower the
interior axial field (similar to a Helmholtz coil) and the outer pair is used to improve the
uniformity of the interior field. While Opera allows the size and shape of the coils to be
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easily adjusted, the actual design constraints require the coils to be rectangular and not
at the optimal separation distance. The current in each coil can be adjusted individually
allowing different current combinations to be tested. The external magnetic field used
in the model was chosen to be similar to the Earth’s field in magnitude, or B = 0.50G.
This was arbitrarily divided into three equal components, or Bx = By = Bz = 0.289G.
Figure 21 is a schematic drawing of the current nEDM shield design. It shows the
positions of the four coils and all relevant dimensions for the outer shield layer.
End-on view

Side view

Figure 21: Schematic of outer layer of shielding and coils (pink). Courtesy C. Daurer –
nEDM Design Team.
Figure 22 is a cut-away view of the complete shielding rendered in Opera. The first four
layers of shielding are mu metal and the fifth layer is Metglas.

Measurement
Cell Area

Outer Coils

Layer 1 (green)

Inner Coils

Layer 2 (blue)
Layer 3 (rose)
Layer 4 (lavender)
Layer 5 (blue-green)

Beam
End

Figure 22: Opera five layer model halved to show the five distinct shielding layers and
four coils (inner and outer pairs). Beam end and measurement cells are also labeled.
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As per the schematic, both the inner and outer coils are centered on the measurement
cells. This is where the desired effects of decreased axial field and increased uniformity
are the greatest. When comparing this to Figure 3, one sees there are now only 3 layers
of mu metal in the exterior shielding and the end caps are flat instead of cone shaped.
Figure 23 contains plots of the residual axial and transverse fields for all five models with
the coils off. They are labeled by which layers are included in the model, i.e., 1 + 2 + 3
includes layers 1, 2 and 3 only. The plots are centered on the location of the
measurement cells since this is the region of interest.
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Figure 23: Plots of residual axial and transverse fields for successive layer models with
coils off. The positions of the two inner coils are shown.
The left plot shows a decrease in the residual axial field of ~ 3 orders of magnitude for
four and five layers from an assumed background field of 0.289G. The right plot shows a
decrease in the transverse residual field of > 4 orders of magnitude for four and five
layers from the background field of 0.409G.
Once the interior fields are known with the coils off, the next step is to turn on the inner
coils to determine what current produces the lowest field. Then the outer coils are
added to find the current combination that produces the smallest, most uniform field.
The procedure is seen in the following graphs for the three layer model. First, the
model is solved with all coils off (I = 0A). Next, the model is solved with only the inner
coils on. The current is incremented gradually until the field changes sign. From this,
the current that gives the smallest field is found. Now the outer coils are systematically
adjusted so the field is the most uniform. The results for inner and outer coil
adjustments for the three layer model are shown in Figure 24 below. The current that
creates the smallest field is not necessarily the one that has the most uniform field. The
equation for uniformity (in percent) is
( )

=

( )
( )
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∗ 100,

(18)

where Bz (z) is the field at z and Bz (0) is the field at z = 0. As the field decreases, small
changes are magnified. Figure 25 shows the uniformity for various coil currents.
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Figure 24: Plots of residual axial fields for various inner and outer coils currents in the
three layer model. Inner coil total current is listed first, then outer coil total current.
For the left plot, the field changes sign between a current of 100A and 102.5A. In the
right plot, the inner coils current is 90A with the outer coils current changing. It was
found that when the outer coils are on, the inner coils best current needs to be adjusted
downward for the smallest overall results.
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Figure 25: Plots of uniformity for various inner and outer coils currents in the three layer
model. Inner coil current is listed first, then outer coil current.
For the left plot, there are three different inner coil currents paired with a 40A outer coil
current. In the right plot, there are five different outer coil currents paired with a 90A
inner coil current. The change in uniformity is smaller in the left plot, but the field at z =
0 are ~ ± 3 x 10-4 G, while in the right plot the fields are ~ 1 order of magnitude smaller.
A final series of current combinations was run to try and find the lowest, most uniform
field. The results are shown in Figure 26 below.
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Figure 26: Plots of residual axial fields and uniformity for various current combinations
in the three layer model. Inner coil current is listed first, then outer coil current. One
trial has separate currents for the left and right outer coils. Left is listed first.
The left plot shows that the coil current combination of 90A /41.7A produced the overall
lowest residual axial field with Bz(0) = - 3.18 x 10-6 G. The right plot shows that the best
uniformity is for the coil current combination of 83.4A /41.7A. The values are between
± 22% for the range shown. The corresponding residual axial field, Bz(0) = 1.86 x 10-4 G,
or ~ 2 orders of magnitude higher than the 90A /41.7A combination. From these plots,
one can see that each adjustment in current brings a corresponding change in
uniformity. The wild fluctuations are probably due to numerical instability. These
results are just a proof of principle, showing that adjusting the coils will change the
internal fields and that a best coil current combination can be found.
All of the different layer models were analyzed at the same coil currents. The current
chosen was 90A for the inner coils and 41.7A for the outer coils, or the one that gave
the lowest fields for the three layer model. These results are shown in Figure 27.
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Figure 27: Plots of residual axial and transverse fields for successive layer models with
inner coils current of 90A and outer coils current of 41.7A.
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The left plot shows the residual axial fields for each model. This current combination
gives the lowest axial field for the models with 3 and 4 layers. The right plot shows the
residual transverse fields for each model. This current combination gives the lowest
transverse field for the model with 4 layers. The axial fields for both the three and four
layer models vary by ~1 order of magnitude. This is not the optimal situation for the
nEDM experiment. The resulting fields are, of course, dependent on the external field,
so the best combination for the nEDM experiment will depend on the actual fields in the
lab.
The best current combination for the five layer model is not necessarily the same as that
of the three layer model. The five layer model is the most complex and takes more than
six days to run the analysis. This precludes running a large number of different currents.
Three have been run so far. The results for the shielding factors are shown in Figure 28.
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Figure 28: Plots of axial and transverse shielding for various coil currents in the five layer
model. Inner coils are listed first, then outer coils.

The left plot shows the axial shielding increasing with an increase in inner coil current.
The right plot shows the transverse shielding decreasing as the inner coil current
increases. Further study is also needed to meet the nEDM Collaboration’s transverse
shielding goal of ~ 105. However, the FEA calculations discussed here have verified that
an axial shielding factor of order ~ 105 is possible with the use of the external coils. It
may be necessary to design external compensation coils for the transverse direction.
Using FEA software like Opera to build models and analyzing them with Tosca allows
optimization of design components before actual construction occurs. It also helps to
demonstrate how different components affect each other without building a physical
model. Opera and Tosca are an effective tool to analyze a complex magnetic shield
design.
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Chapter 4: Summary
Conclusion
Small and uniform magnetic fields are vital to the success of the nEDM experiment.
Optimizing the way to apply Metglas ribbon to create magnetic shields that shield both
axial and transverse fields is accomplished by placing the material in both a transverse
and axial direction and overlapping successive layers. Using Tosca to calculate the
magnetic fields of a complex design allowed an estimation of the shielding obtained
before actual construction. Both of these efforts have helped those designing the
magnetic shielding for the nEDM experiment.
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